Introduction
Calcification (precipitation of CaCO3) decreases alkalinity twice as much as dissolved inorganic carbon (DIC). As the chemical speciation of DIC in seawater has been accurately determined [Millero, 1995] , it follows that the fugacity of CO2 (JCO2) increases. However, calcification by Emiliania huxleyi is at least loosely coupled to photosynthesis, which decreases DIC and has a smaller effect on alkalinity. Alkalinity increases during uptake of nitrate (NO3-) and phosphate (HPO4 2-) and decreases during uptake of ammonia (NH4+). The combined effect of calcification (C) and photosynthesis (P), then, results in a decrease offCO s at C:P production ratios lower than 1.7 during use of nitrate (C:P < 1.2 during use of ammonia) and an increase of JCO• at higher C:P production ratios. Blooms of Emiliania huxleyi have therefore been suggested as potential sources of CO2 for the atmosphere. A model of the carbon budget of phytoplankton blooms by Taylor et al. [1991 ] the end of the bloom the situation will be the same as at the start, so that the net exchange with the atmosphere will be zero.
This two-box model can be used to illustrate the chemical effect of calcite production. To include the physical effect of calcite in sinking particles, a third box is introduced: the deep sea. The same hypothetical model simulation can now be performed with a bloom in the upper ocean, which is later degraded and some material being transported to the deep layer. Since exchange of dissolved constituents (DIC, alkalinity, etc.) between the upper and the deep layer is slow relative to the production and degradation of the bloom, by the end of the bloom the effect of gas exchange with the atmosphere will be a function of the amount of POC and CaCO3 that is sedimented to the deep layer. The more POC and the less CaCO3 is sedimented, the more CO 2 will be drawn down from the atmosphere.
However, if the amount of sedimented POC is stimulated by the amount of heavy CaCO3 in the sedimenting particles then CaCO3 both reduces and increases CO 2 drawdown from the atmosphere.
Thus, it has to be determined whether the chemical effect of CaCO3 precipitation is more or less important than the physical effect of CaCO3 enhancing sedimentation. This was done by constructing a three-box model using data from several studies of blooms of E. huxleyi. The model that is presented here includes those processes that were found to occur during both a natural bloom of E. 
Model Description
The model simulates an algal bloom within a one-dimensional sea with three boxes: an atmosphere with constantJCO2, a mixed layer with a constant depth of 40 m, and a deep layer of 80 m depth. The model contains 7 carbon pools, 3 nitrogen pools, 2 pools of alkalinity, and a fixed atmospheric JCO2 (Figure 1) . A complete description of the model is given in Tables 1 -5 
Model Structure
The model structure is shown in Figure 1 and is described from top to bottom and from left to right. The air has a constant fCO 2 of 360 [tatm. In the upper mixed layer, JCO2 is calculated from alkalinity and DIC with the dissociation constants of Roy et al. [1993] . The starting values of alkalinity and DIC were chosen in such a way that the J-CO,_ at the start of the model run was 360 •tatm at a temperature of 11.6øC and a salinity of 35.2. The calcification rate (C) is proportional (C:P parameter) to the growth rate (or photosynthesis P) but with a delay. At the start of the model runs, for the length of the delay period, the C:P production ratio is equal to the C:P parameter. After that the C:P production ratio becomes slightly higher than the C:P parameter, until it becomes close to infinite as the NO 3' concentration approaches 0. The C:P production ratio stays very high for the length of the delay period, after which both calcification and photosynthesis are very small for the remainder of the model run. The delay is introduced because calcification continues after photosynthesis becomes nutrient limited. In cultures, this delay was 2 -3 days [Dong et al., 1993; Paasche, 1998 ]. In the mesocosm study, calcification rates were still 41% of the average rates 4 days after the peaks of E. huxleyi [van der Wal et al., 1994], possibly because nutrients were added daily during this study. Even so, the standing stock of CaCO 3 also went through a distinct maximum 2 days after the peak in POC was reached [van Bleijswij'k et al., 1994a].
The sedimentation rate is proportional to the sinking rate, calculated with Stokes' law (see the SEDIMENTATION function in the Notation section). This is consistent with the observation that fecal pellets that contain CaCO3 sink rapidly out of the upper mixed layer, whereas fecal pellets without CaCO 3 stay suspended in the upper mixed layer for longer periods and are more prone to be degraded there [van der Wal et al., 1995]. The standard model calculates only the C fluxes due to E. huxleyi. In reality, the new production of E. huxleyi is followed by a secondary growth of cyanobacteria [Buitenhuis et al., 1996] . In one of the runs of the sensitivity analysis, an additional component (POCcy .... ) was introduced to represent the C flux associated with this secondary growth. In the model, E. huxleyi uses only nitrate, while the cyanobacteria use only ammonia. This is a simplification of the observation that new production tends to depend mostly on nitrate, while recycled production uses mostly ammonia. It was chosen as a simple means of representing the complex factors that lead to bloom formation, rather than as a representation of the real situation (which is presented by Stolte [1996] ). The total primary production was found to be fairly constant throughout the bloom [van der Wal et al., 1995]. Thus, the secondary growth appears to be a recycling In the model, all sedimented material is remineralized instantaneously. Since the model results were not very sensitive to diffusion from the deep layer, this assumption was not explored any further. 
Model Output
The development of the bloom is characterized by four successive stages.
3.1.1. Stage 1. The growth stage lasts as long as the gross growth rate is higher than the loss rate. At this point, POCs/,u.• goes through a maximum, fCO 2 goes through a (local) minimum (Figures 24 and 2d) , and nitrate (NO3-) is nearly depleted (Figures  2b and 2e) . The loss rate is the sum of sedimentation, solubilization (POCEhu. , to DOC), and degradation (POCs/,ux to DIC). Degradation and remineralization (DOC to DIC) release ammonia (Figures 2b and 2e) . In the standard model run, which includes only POC/•hu.,. (Figures 24-2c) , ammonia accumulates (Figure 2b) , while in the model run which includes cyanobacteria (Figures 2d-2f) , ammonia is used to produce secondary growth of POCcy .... (Figure 2e) . 3.1.2. Stage 2. At the end of the growth stage, when POCL. growth becomes nutrient limited, CaCO3 production continues for another 2 days, until the dissolution of CaCO3 becomes higher than its production, and CaCO 3 goes through a maximum (Figures 24 and 2d) . At this point JCO2 goes through a (local) (Figures 2b and 2e) and an increase of nitrate in the deep layer by sedimentation (Figures 2c and 2f) create a gradient by which nitrate diffuses upward, this supports only an insignificant amount of POCz.: h,., during the final stage (Figures 2a and 2d) . In the parameters that affect POCk,: h,.
•, a clear feedback can be seen between degradation, solubilization and sedimentation (the latter is controlled by the parameter power, see the SEDIMENTATION function in the Notation section). If one of these three rates is increased, this decreases the amount of POCk. h,., that will be passed to the other two processes. In Table 6 it can be seen that if the rates of degradation or sedimentation are increased, the amount of DOC formed is decreased. Likewise, if the rates of degradation or solubilization are increased, the amount of POCk.: h,., that is sedimented is decreased. The effect on the amount of POCk: h,., that is degraded is not shown.
The parameters that affect DOC have an opposite effect on the potential flux and the air-sea flux because DOC temporarily sequesters carbon in the upper mixed layer. This DOC will be degraded after the end of the bloom, while the fraction of DOC that is transported to the deep layer by turbulent diffusion is rather limited (Figure 2c ). The effect of the changes in CaCO3 cycling on the potential flux and the air-sea flux is less straightforward. On the one hand, the chemical effect of production of CaCO3 increases JCO2 and thus decreases the air to sea exchange of CO2. On the other hand, the physical effect of inclusion of CaCO 3 in fecal pellets increases the sedimentation rate and thus increases the air to sea exchange of CO2. The relative importance of these two effects was tested by varying the C:P parameter in the model to simulate a varying proportion of E. huxleyi in the nitrate-using phytoplankton or a different C:P production ratio by E. huxleyi. Variation of the C:P parameter gives rise to a weak optimum for the air-sea exchange and a sharper optimum for the potential flux (Figure 4) . The amount of CaCO3 that is sedimented increases quadratically with the C:P parameter, since there is an increase in both the amount of CaCO3 and the fraction of CaCO3 that is sedimented due to the higher density of the sedimented material. The amount of POC that is sedimented increases asymptotically, since the fraction of POC that is sedimented increases to the same extent as CaCO3, but the total amount of POC that is produced from a fixed amount of nitrate stays the same. Thus, the amount of atmospheric CO 2 that is drawn down into the sea goes through a maximum. For the short-term flux the maximum lies at a contribution of 23% E. huxleyi of the total POC (C:P --0.1). For the potential flux the maximum lies at a contribution of 97% of the total POC (C:P = 0.42). The difference between these two is primarily caused by the contribution of DOC to the short-term flux: half of the POC that is not sedimented is converted into DOC, and DOC production increases the air-sea flux but does not affect the potential flux.
Model Validation
The model is based on the results of a field expedition in the North Sea in 1993 and a mesocosm study near Bergen, Norway, in 1992. In an attempt to verify the validity of the model results with independent data, the model output was compared to data from two field expeditions in the North Atlantic in 1991 that 
POCL-/,• --> DOC

Implication for Paleoreconstruction and Effect of Enhanced Sedimentation on Geological Timescales
Our results indicate that even at a modest nitrate concentration of 6 pM at the start of the bloom approximately half of the biomass is produced at an fCO2 that is more than 32 patm lower than at the start of the bloom. This implies that the paleoreconstruction of Jasper et al. [ 1994] may underestimate the oversaturation of upwelling water because their reconstruction of the fCO2 of upwelled equatorial Pacific waters over the past 225,000 years was based on the t3C/12C ratio of alkenones in the sediment that were produced by prymnesiophyte algae (of which E. huxleyi is a member). Thus, most of the signal would be produced during periods when algal growth is high and fCO2 is relatively low. Moreover, this underestimation could have been larger if production during glacial periods would have been higher, so that the glacial to interglacial difference in oversaturation would have been even larger than the presented 50 !•atm [Jasper et al., 1994] .
When the effect of CaCO 3 to stimulate the cosedimentation of POC is extrapolated to geological timescales, the control of the alkalinity budget of the ocean on the cycling of CaCO 3 becomes important. The cycling of CaCO 3 is not controlled by production. Rather, export of Ca/alkalinity from the upper ocean exceeds import, mostly by rivers, and the excess dissolves in the deep sea. The balance between these processes is maintained by the depth of the saturation horizon of calcite [Milliman et al., 1999] . Since atmospheric CO2 is not controlled by CaCO 3 production in the surface ocean, we suggest that the effect of CaCO 3 to stimulate sedimentation of POC may enhance drawdown of CO2 from the atmosphere even more clearly on long timescales than the presented model results for a seasonal bloom suggest.
Summary
Integrating an extensive data set on the cycling of carbon within blooms of Emiliania huxleyi into a model, it was shown how a positive correlation offCO• and CaCO 3 within blooms can be consistent with an enhanced carbon sink for coccolithophorid blooms. It was found that the air to sea CO 2 flux as a function of the C:P parameter shows an optimum C:P parameter value. While the exact value of the optimum C:P parameter value is influenced by many assumptions in the model, the basic form of this function is due to the three following assumptions: (1) There is a positive correlation between the CaCO3:POC standing stock ratio in the medium and in the fecal pellets. In the model this correlation is 1:1 as found by Harris [1994] , (2) There is a positive correlation between CaCO 3 content of fecal pellets and sinking rate. This is predicted by Stokes' law, (3) There is a positive correlation between sinking rate and sedimentation rate. The model by Taylor et al. [1991] reached the opposite conclusion (in their model the atmospheric sink for CO2 is reduced when phytoplankton produce coccoliths) by not varying the sinking speed of particles as a function of their density. This shows that the dependence of sedimentation on the density of the particles is of critical importance to the conclusions that we draw from the presented model.
Additionally, a shortage of data was identified in the following areas: (1) The rates of production and degradation of DOC, (2) The degradation of POC to DIC, (3) The role of cyanobacteria in using regenerated ammonia and maintaining low fCO• pressures during the collapse of the blooms of E. huxleyi, and the importance of the coupling between the microbial loop and the classical food chain by microzooplankton and mesozooplankton grazing, (4) The importance of changes in the C:N ratio from new production to DOC and bacterial production to increase the carbon sink per unit of nutrient, and (5) The relationship between the CaCO 3 content of fecal pellets and the sedimentation rate. More generally speaking, the processes of production are much better documented than the processes of decline. Rather than claiming to have provided any definitive carbon budget, we hope to have provided some new insights, as a guide towards obtaining a more accurate budget in the future. 
